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(Received 3 November 2005; published 30 March 2006)0031-9007=We employ low-energy electron microscopy to study the kinetics of thermal etching, or sublimation, of
Cr(001) at 1100 K. Atomic layers are removed from the surface by spontaneous nucleation and growth
of two-dimensional vacancy islands, by rotation of spiral steps, and by island decay. The growth rates of
vacancy islands and the rotation frequencies of double spirals are measured as a function of temperature,
and the results are correlated with activation barriers of surface processes. Mass transport between the
surface and bulk is shown to be unimportant.
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at nanoscales and microscales is important for the design,
synthesis, and fabrication of materials, structures, and
systems. Thin film growth and surface etching are pro-
cesses central to various modern technologies [1–4]. While
data and theories abound, many questions remain. This
Letter examines an especially simple case—the thermal
etching, or sublimation, of an elemental metal surface,
Cr(001), which has a simple (1 1) square-lattice struc-
ture. There is actually very little known about surface
sublimation of such metals. This process is evidently re-
lated to homoepitaxial growth. However, contrary to what
one might expect intuitively, the two processes are not
directly connected by time-reversal symmetry, and details
of the kinetics can be quite different. Issues of interest for
the present study include the morphological evolution of
the surface as atoms are removed, the kinetics in terms of
atomic processes, and whether or not mass transport be-
tween the surface and bulk plays a significant role in the
observed surface evolution—the last being a topic under
debate [5–7].
The method of our observation is low-energy electron
microscopy (LEEM) [4]. The surface of Cr(001) begins to
sublime at 1100 K at a slow but readily detectable rate.
The surface is seen to erode mainly through three atomic-
layer removal mechanisms: (A) spontaneous nucleation
and growth of two-dimensional vacancy islands, (B) wind-
ing motions of single- and double-spiral steps that are
pinned by bulk dislocations terminating at the surface,
and (C) island (or mound) decay. These processes speed
up as the temperature of the Cr crystal rises, and the rates of
morphological evolution are measured. The data are ana-
lyzed in terms of the Burton-Cabrera-Frank model [8],
from which important kinetic and energetic parameters
are deduced. All three processes (A), (B), and (C) can be
purely surface processes, but at sufficiently high tempera-
tures, mass transport between the surface and bulk can also
occur, especially in case (B), where the core of the bulk06=96(12)=126106(4)$23.00 12610dislocation may function as an easy conduit for defects in
the bulk moving to the surface. This mechanism has been
demonstrated in the case of TiN [6]. Our measurements
show, however, that this is not an important contribution in
the present case.
The experiment was carried out in a multichamber
LEEM system [9]. A Cr(001) crystal was cleaned by
sputtering and annealing. During LEEM measurements,
the sample temperature was monitored by an infrared
pyrometer. While the absolute temperature of the sample
was uncertain by 50 K, the precision of the temperature
measurement, determined by the pyrometer sensitivity,
was 1 K. Bright-field LEEM images were acquired at a
rate of 30 frames per second with the beam energy typi-
cally in the range of 8–11 eV. The data were analyzed
using the software IMAGE SXM [10].
Figures 1(a)–1(d) are representative LEEM images,
with a field of view of 3:4 1:7 m2, obtained at times
t  0, 9, 47, and 90 s with sample temperature T 
1186 K. Regions in Fig. 1 labeled A and A0 show the
spontaneous nucleation and growth of two-dimensional
vacancy islands as expanding loops. Region B shows a
spiral step. This type of feature is well known to arise as a
result of a bulk dislocation terminating at the surface, and
the vertex of the spiral is at the end point of the dislocation
core [8]. The spiral rotates, or winds around its vertex, as a
function of time. Each full rotation creates a new atomic
step at the multistep boundaries of the terrace. Region C
shows a mound, and the atomic layers making up the
mound are seen to shrink and dissolve away as a function
of time due to thermal evaporation.
Figures 2(a)–2(d) present time-sequence images ac-
quired at T  1146 K of a double spiral with its two
vertices corresponding to the end points on the surface of
a bulk dislocation loop. The two spirals rotate as discussed
above but in opposite directions. A closed contour forms
each time the two rotating spirals touch each other. The
result is a loop of vacancy island step, which expands and6-1 © 2006 The American Physical Society
FIG. 2. (a)–(d) are LEEM images of a double spiral on
Cr(001) taken at different times as indicated, with the sample
maintained at 1146 K. The spiral structure in (a) repeats every
280 s, as seen in (d). (e)–(h) are snapshots of the same double
spiral taken at different temperatures as indicated.
FIG. 1. LEEM images of Cr(001) at times (a) t  0, (b) 9,
(c) 47, and (d) 90 s, with the sample maintained at 1186 K.
Features of interest are labeled A and A0 (nucleation and growth
of vacancy islands), B (spiral rotation), and C (island decay).
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terrace. These pictures also illustrate the tendency for the
step edges to line up along the close-packed h100i direc-
tions. The spiral structure shown in Fig. 2(a) is geometri-
cally identical to the one in Fig. 2(d) after one complete
rotation in 280 s. The motion was found to be highly
periodic over an extended period of time. Figures 2(e)–
2(h) present snapshots of the double spiral at different
temperatures. The steps become more rounded, and the
step-step spacings become smaller at higher temperatures,
just as expected [11,12].
To analyze the morphological evolution [8], we begin
with the simplest case, the growth of a vacancy island
within a large terrace. Physically, the growth proceeds by
detachment of atoms from the step edges, diffusion of these
atoms to the interior of the vacancy island, and desorption
into vacuum. Ignoring crystalline anisotropic effects, the
adatom concentration field Cr; t at position r and time t
within a vacancy island of radius R is given by the diffusion
equation
Dr2Cr; t  Cr; t

 @
@t
Cr; t; (1)
where D is the surface diffusivity and  is the mean resi-
dence time for an adatom on the surface before desorbing
into vacuum. Since the experiment was quasistatic with a12610slow step movement relative to diffusion, the time depen-
dence can be ignored. The steady-state solution of Eq. (1)
is
Cr  AI0

r
D
p

; (2)
where I0 is the zeroth-order modified Bessel function of the
first kind. An inspection of the functional form of I0 reveals
that Cr decays rapidly from the vacancy island step edge
at r  R toward the origin at r  0. This is expected
because the adatoms desorb as they diffuse inward. The
normalizing parameter A depends on R and T and can be
determined from the Gibbs-Thomson relation [13,14]
CR  C1 exp

 
RkBT

’ C1; (3)6-2
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where C1 is the equilibrium adatom concentration next to
a straight step edge, kB is the Boltzmann constant,  is the
atomic area, and  is the step-edge free energy. With 
0:1 eV= A,  10 A2, and kBT  0:1 eV, the approxi-
mation in the last step is well justified for R> 100 A
(about our resolution limit).
The rate of change of the vacancy island radius, or the
step speed, is given by
dR
dt
 DjrCrjrR 

D

s
C1
I1 RDp 
I0 RDp  : (4)
With I0x=I1x ’ 1 1=2x at large x, the solution to
Eq. (4) at large t (or large R) is
Rt 

D

s
C1tO lnt: (5)
Thus, the vacancy island radius scales linearly with time,
with a small negative logarithmic correction. The linear
time dependence is very different from that for Oswald
ripening of an island in the absence of deposition or
evaporation, for which R / tn with the exponent n typi-
cally in the range of 1=2 to 1=3 [14].
Figure 3(a) shows the mean radius Rt for vacancy
islands measured at various temperatures. Indeed, the
time dependence is largely linear, with a hint of a negativeFIG. 3 (color online). The average radius R of (a) vacancy
islands and (b) step loops derived from double-spiral rotation as
a function of time during annealing at temperatures indicated.
The symbols are data, while the straight lines are linear fits.
12610logarithmic correction. A similar analysis has been carried
out for step-edge loops formed from the rotational motion
of a double spiral, as shown in Fig. 3(b). The smallest
measurable R is larger in this case, but the behavior is
consistent with a linear time dependence, or a constant step
speed. The decay of mounds can, in principle, be analyzed.
However, the observed mounds are generally small, and
step-step interactions make the analysis presented above
inapplicable.
Figure 4(a) is a plot of dR=dt as a function of T based
on a linear fit to the Rt data. This is expected to be
proportional to
D

s
C1 / exp

 2Ef  Ed  Ea
2kBT

; (6)
where Ef is the barrier for adatom detachment from the
step edge, Ed is the surface diffusion barrier, and Ea is
the adatom desorption barrier. From an Arrhenius fit to
the data in Fig. 4(a), we obtain Ef  Ed  Ea=2  3:0
0:2 eV for vacancy islands formed by spontaneous nuclea-
tion. A similar analysis for the step-edge loops formed by
double-spiral rotation yields 3:3 0:1 eV. Combining
these two measurements, we obtain Ef  Ed  Ea=2 
3:2 0:1 eV.
With each complete rotation of the double spiral, a full
atomic layer is removed from the region of interest. TheFIG. 4 (color online). (a) A logarithmic plot of dR=dt for va-
cancy islands derived from spontaneous nucleation and for step-
edge loops derived from double-spiral rotation as a function of
annealing temperature T. (b) A logarithmic plot of the repeating
angular frequency ! of a double spiral as a function of T.
6-3
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rotation frequency ! of the double spiral is thus propor-
tional to the sublimation rate which, in turn, is proportional
to the equilibrium vapor pressure. The latter is proportional
to exp	Ef  Ea=kBT
. As a result, the overall barrier
for double-spiral rotation is Ef  Ea. From an Arrhenius
analysis of the rotation frequency of the double spiral, as
shown in Fig. 4(b), we obtain Ef  Ea  3:6 0:2 eV.
This agrees with the enthalpy of sublimation of Cr, 3.7 eV
[15]. Thus, we conclude that the double-spiral rotation is
caused by sublimation, not by mass transport between the
surface and bulk. The same conclusion holds for the
growth of the step-edge loop resulting from the double-
spiral rotation. Since the thermal activation behavior of the
step-edge loop is the same as that for vacancy island
growth initiated by spontaneous nucleation, the latter
must also be a surface process. Further evidence against
bulk contribution is that the observed processes, unlike
those reported in Ref. [5], are irreversible with temperature
[6,7]. This irreversibility is expected for sublimation.
From the above results, we deduce Ea  Ed=2 
0:4 0:2 eV, which is the barrier associated with the
inverse of the diffusion length 1=

D
p
. The step-step spac-
ing of the double spiral ‘, divided by the step speed, is the
time for monolayer sublimation. From the temperature
factors given above, ‘ scales as the diffusion length and
should become smaller at higher temperatures, as seen in
Fig. 2.
The discussion in connection with Eq. (2) shows that
the adatom density Cr is the highest near the step edge.
The desorption flux into vacuum, proportional to Cr, is
therefore not uniform across the surface. By contrast, the
flux of adatoms arriving at the surface during homoepitax-
ial growth is generally uniform. This is the underlying
reason for the time-reversal asymmetry mentioned earlier
between thermal sublimation and homoepitaxial growth.
During growth, many of the atoms in the deposition flux
can land on areas far from step edges. This condition tends
to promote nucleation at low temperatures resulting in
nanoclusters, fractal-like features, or other complex pat-
terns [16]. By contrast, the dominant process for thermal
sublimation at low temperatures is step-edge recession
with most of the evaporation occurring near the step
edges. Nucleation is a relatively energetically unfavorable
process, and complex surface feature developments are
unlikely. At high temperatures, nucleation can become
important, and morphological evolution by sublimation
can resemble growth at low temperatures under appropriate
conditions.
In conclusion, we have used LEEM to derive a detailed
understanding of the kinetics of thermal sublimation of
Cr(001). The evolution of the surface involves spontaneous
nucleation and growth of vacancy islands, rotation of spiral
steps, and decay of islands. These processes are analyzed
to yield information about surface energetics, and the
results show conclusively that mass transport between the12610surface and bulk does not play a significant role. Since step
recession is the main mechanism through which atomic
layers are removed, the surface remains fairly smooth after
many atomic layers are removed. The relationship to ho-
moepitaxial growth is discussed, and an inherent asymme-
try is noted.
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